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SUMMARY

The Microphone Density Gage experiment was designed to make in situ
measurements of the atmospheric density around much of the 0GO-6 orbit.
From this it would be possible to study atmospheric density variations
which result from latitude changes, local time changes, and solar-activity
related changes. The operating principle of this instrument lies in the
transfer of momentum from the ambient neutral gas atoms and molecules,
created by the relative velocity between the gas and the instrument, to
the sensing element of the device, a thin metallic ribbon suspended
between the pole pieces of a permanent magnet to form_a microphone. Un-
fortunately, in flight a negative going zero shift appeared in the instrument
output that had the effect of seriously reducing the effective sengitivity
available. This made the resultant analysis more difficult to perform and,
at the same time, made it impossible to meet in depth all of the experiment

objectives.

Contained within this report is a description of the fabrication,
installation and operation of the Microphone Density Gage instrument. An
analysis of the resulting problems and minor failures is also given. The
abproach to the data analysis is discussed and the sigqificant results

obtained are given.

In spite of the difficulties, it has been possible to study 3k
persistent density peaks ( maximums) measured near 400 km during daytime
(1&25 LT) between geomagnetic latitudes 50°N and 61°N for a period approx-
~ imately one and one-half days before and after an observation of a stable

auroral red (SAR) arc by R. W. Owen at 0915 UT on July 14, 1969, near
vRichland, Washington. Most of the density peaks océured at geomagnetic
latitudes, L values, and altitude characteristic of SAR arcs. The evidence
is strong that these peaks result from the same energy transfer mechanism

that -causes SAR arcs. The average density change in the peaks was 27 percent.
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Most of the 34 peaks appeared in the longitude sector from 150°E to
350°E. No density peaks were measured in the 50°E to'l30°E sector during
the three and one-half day observation period. A persistent pair of
density peaks were present on 7 successive orbits during July 13 and

July 14 (both geomagnetically-disturbed days) near geomagnetic latitudes
53°N and 6l°N, respectively. These may be associated with a multiple SAR
arc. Assuming that the density peaks are due to heating accompanying SAR
- arcs near LOO km, the average SAR arc occurring during the data period is
estimated to be 500 Rayleighs and the average temperature change in the
peaks is estimated to be 25°K. These results support Cole's thermal con-
duction model of the SAR arc. -

"Neutral density data obtained near 40O km (1600 DT) from 0° to
40°N geomagnetic latitude for 25 September through 3 October 1969 were
studied. Several geomagnetic storms occurred during this period"(ap varied
from O to 207). Least-squares fits were made to data points on density -

ap and density - Ds scatter diagrams, where the density values selected

were delayed in tin; behind ap and Dst' An equation represemting the
least-sqQuares fit was computed for each delay time. The equation of best
fit (and the corresponding time delay between the dehsity and the magnetic
index which resulted in this best fit) was found by choosing the equation
that gave tﬁe‘minimum standard error. For example, the best fit at 10°N
geomagnetic latitude occured for ap at t-3 hr, where t is the time of the

" density values.
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Chapter 1

INTRODUCTION

1.1 Introduction

The Microphone Density Gage is an instrument designed to measure
in situ the spatial and temporal variations in the neutral atmospheric
density around the 0GO-6 orbit. It was specifically planned to measure
(1) latitude variations, (2) day-night variations, and (3) solar

activity-correlated variations in the atmospheric density.

The 6pera£ing prihciple of this instrument lies in the transfer
of momentum from the ambient neutral gas atoms and mqlecules, created
by the relative velocity between the gas and the instrumgnt, to the
sensing element of the device, a thin metallic ribbon. The ribbon,
suépended between the pole pieces of a permanent magnet to form a
microphone, is mounted in the orbital-plane experimental package (OPEP)
of‘OGO-6‘looking along the velocity vector of the vehicle. The atmos-
pheric gas, having effectively the velocity of the vehicle, exerts a

pressure P on this ribbon equal to k p v2, where k is a constant

-determined by the accommodation coefficient (taken to be = l) and p

is the atmospheric density. Since the satellite velocity is indepen-
dently known, the pressure is a direct measure of the density. The

gas striking the ribbon is mechanically chopped by a tuning-fork chopper
which interrupts the gas flow at regular intervals to produce an
oscillation of the ribbon in the magnetic field of a permanent magnet,

fhe amplitude of which is proportional to the applied pressure. The

. electrical voltage generated by this ribbon motion through the magnetic

field is amplified and rectified to provide & dc signal suitable for

~ telemetry. In-flight calibration is provided to determine if the

ribbon/electronics sensitivities have changed. The design of the instru-
ment provided for an instrument sensitivity so that pressures equi-

vdlent to solar radiation pressure in free space could be detected by

1-1
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the instrument. However, as shall be described later, a problem
developed with the instrument which significantly reduced its

pressure sensitivity.

In this report we shall describe the instrument, its fabrication
and installation in Chapter 2. In Chapter 3 the acquisition of data
will be discussed, emphasizing the approach to the analysis and the
computer programs developed to handle the work. The results obtained

are discussed in Chapter k.
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Chapter 2

THE RMDG INSTRUMENT

2.1 Tnstrument Description »

- The general philosophy of operation of this device was given
in the_preéeding section. The details of operation will be given
here. Figure 2-1 is a block diagram of the Ribbon Microphone Density
Gage (RMDG) as it has been designed for the OGO-F program. The
entrance slif for this instrument is assumed to be the lower left
hand corner of the figure where a particle (neutral gas) stream is
shown moving from left to right. The particle beém actually contains
ions and electrons as well as neutral gas molecules and atoms, and
these charged particles are deflected from the ribbon by the trans-
verse electric field between the grounded "shutter" and the negative
"ion getter". The neutral stream passes through the mechanical
chopper, which is a "tuning fork" chopper, and this éhopped beam
strikes the sensing element, the metallic ribbon.  This interrupted’
gas stream causes the ribbon to execute a forced oscillation at the
chopping frequency which, since the ribbon has a strong magnetic field
normal to its length and also to the gas direction, creates an alterna-

ting electric voltage across the ends of the ribbon. -

The alternating voltage thus created is transformer coupled into
a preamplifief as shown in the figure. The voltage gain of the trans-
former is ébout 70 and of the preamplifier is about 3 x lO3 for the
frequency of the signal obtained, giving a total a-c’gain of about
2.1 x lO5

the sensor and electronics requires that the ribbon Microphone,

for this part of the system. The extreme sensitivity of

transformer and preamplifier be carefully shielded and mechanically
decoupled from the body of the instrument by suspending them on a set
of weak springs so that in the gravity-free enviromment of the orbit
the ribbon will be centered properly on the entrance slit of the

instrument.

2-1
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The signal from the preamplifier is fed into an automatic ranged
band-pass amplifier which has four ranges of voltage amplification.
The gains of this amplifier are 686, 98, 1l and 2, it_he selection of
the gain-is determined from the voltage output of the instrument.

The signal from the ranged amplifier passes through a circuit designed
to adjust its phase properly, then into a driver amplifier which makes
the signal suitable for a synchronous rectifier and integrater. The
synchronous rectifier is driven by a signal from the chopper power
oscillator so that it is in phase with the signal. The phasing
circuit is used to compensate for any natural phase shifts in the rest
of the circuitry. As shown in Figure 2-1, the rectified and inte-
grated signal output' is made acceptable for the telemetry by a tele-
metry signal buffer circuit, and the output of this is utilized to
select the range to be used in the ranged amplifier. The range in use
is indicated by the automatic ranging system and appears as an gdditional

output for the instrument.

Since the output of this instrument will be a relatively slowly
varying voltage there is some necessity to verify the instrument
"zero" level in the output. This is done with the shutter shown at
the entrance slit of the instrument on the left side of Figure 2-1.
This mechanical shutter, which forms the ground plane of the charged
particle deflection field, is closed periodically by the shutter
control solenoid and the incoming gas stream cannot exert a pressure
on the microphone ribbon. The shutter control circuit is free-funning
and activates the solenoid aspproximately once every 2 minutes, holding

the shutter closed for about 20 seconds each time.

Aﬁ in-flight calibration of the total sensor/electronics system
is also provided. The in-flight calibration source is a thermally
insulated tank containing anthracene crystals, resistance heaters and
a themmistor, all of which is mounted behind the shutter as shown on

the left side of Figure 2-1. This tank is sealed except for a small

2=3
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hole on one face located so as to have a clear view of the ribbon
through the chopper blades when the shutter is activated and to be
covered by an insulating material on the back of the shutter when

the shutter is open. Upon command, power is subpiied to the in-flight
calibrate cifcuitry‘which, in turn, applies power tb the heaters in
the tank and activates a thermal control circuit which uses the
thermistor in the tank as a sensor. In approximately one-half hour
the calibration tank and anthracene are at their operating temperature,
which is approximate1y 8500. At this temperature the anthracene
crystals have a vapor pressure of sufficient magnitude that a gas
stream effuses from the small hole in the tank (when the shutter is
activated) and impinges upon the ribbon with a pressure suitable for
measurement. This gas stream is chopped, just as is the incoming

gas stream when the shutter is open, and so a caiibration signal is
generated that can be used for in-flight comparison to ground-based
measurements. This ianlight calibration scheme does not interfere
with the regular taking of data, but replaces the background "zero"
measurements when commanded to operate. It was inﬁended that this
command would be exercised for a full orbit at a time and probably no

more frequently than once every week.

The ribbon microphone, transformer, and preamplifier are con-
tained as & unit in a metal can and this can is monnted on a set of
8 oppoSing springs which serve tq keep this can suspended and free
from direct mechanical comection to the rest of the system while in
the gravity-free environment of orbital flight. During the powered
phase of this mission (i;e., during launch and orbit injection) this
"free floating" can must be locked securely so as to prevent damage
to the components. A plunger-bumper system accomplishes this hold
down and the plunger is released by firing a squib mechanism upon
ground commsnd. The command inputé and block representation for this
squib firing operating are shown in upper center of Figure 2-1.

Associated with this are squib monitor and status circuits.

2-k
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When the inner can is caged there are provided power interlocks
which make it so that power cannot be applied to the shutter control
circuits or to the chopper power oscillator. This prevents damage
to the sysfem when the instrument is turned on. Also the shutter is
mechanically restrained when the inner can is caged to prevent damage
to it. The circuitry for these are represented in the top part of
Figure 2-1. Also shown in this figure are the power converter, the
2461 Hz sync input, and the three sub-com status words used to monitor

the status of the various things described above.

Mechanical Details

The physical dimensions and mechanical details of this instrument
are best described by referring to the Installation Control Drawing,
a reproduction of which is shown as Figure 2-2. As seen in the figure
this instrument has the basic shape of a rectangular box whose base
plate is T.457 ‘inches by 6.110 inches and whose height is 6.125 inches.
The instrument was mounted in OPEP No. 1 with the designated mounting
surface attached directly to the OPEP base plate so.that the instrument .
face containing the rectangular sensor opening and squib mechanism was
against the forward-looking face of the OPEP. This OPEP face had cut-

outs to allow for the sensor opening and the squib extrusion.

The side view (left hand figure) of the instrument shows the
required view angle for the instrument (t h50), the squib power plug
attached to the squib, and a service hole through which the instrument
mey be recaged should it become uncaged during testing. This instru-
ment was mounted in the center.of thé OPEP between two other experiments.
Therefore, direct access to the pover plugs originally installed on
the instrument was not possible. The electrical interface with the
instrument was accomplished by bringing cables directly out of the
instrument and over to the side wall of the OPEP where they were attached
to the OPEP wall. A view of this cabling arrangement is shown in the
top view (top figure) of Figure 2-2. The detail of the plug mounting

2-5
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to the OPEP wall is shown in Section. A-A. The base plate with its
mounting hole pattern is shown in the top view of the figure. The
irregular shape of this base plate accommodates the base plates of

the ad jacent packages.

Also shown in Figure 2-2 are the pin comnections for each of
the electrical plugs and the location of the instrument center of
gravity. The center of gravity designations are‘seenbon the left
view and the front view of the instrument. The base plate of the
instrument is gold-plated aluminum to provide good electrical and
thermal ‘contact with the OPEP. The instrument box is also aluminum

but is painted with a black epoxy paint for thermallcontrolf

Electrical Details

The electrical interfaée of this instrument with the vehicle is
accompl ished fhrough two plugs, 6Al-1-J1 and 6A1-1-J2 (seen as Jl
and J2 in Figure 2-2). Plug‘Jl contains all of thé‘inputs from the
spacecraft to the experiment, i.e., Primary Power;_drdnance Povwer,
Ordnance Fire Commands, In-Flight Calibrate Comménd, the appropriate
grounds and power returns. Plug J2 contains all of the outputs from
the experiment to the spacecraft. As can be seen from the J2 plug
listing in Figure 2-2, the signal out of the instrument is connected
to Main Com Word No. 46 and the range indicator for the amplifier is
connected to Main Com Word No. h?._ The essential features of the
data are given by these two analog outputs. The voltage seen on Word
No. 46 may be any value between O and 5 Vdc. The range output, Word
No. 47, will be at one of four distinct voltage levels depending upon
the range of the amplifier. Range 1, the highesf gain position of
the ampiifier, is indicated by an output voltage of 1.4 Toa Vdc;
Range 2 by 2.5 £ 0.1 Vdc; Range 3 by 3.35 = 0.1 Vdc; and Range b by
4.0 T 0.1 vac.

The three subcom analog words used to monitor the status of this

instrument are Subcom Words No. 10, 15 and 57. Subcom Word No. 10,

2-7
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called Status No. 1, monitors the application of squib power and the
operating of the in-flight calibration system. The output of this
word normally reads zero.volts dc. When squib powér is applied it
will read 1 1 0.3 volts dc. Upon application of the in-flight
calibrate command, Impulse Command #1104, if the instrument is powered
at the time, the signal output will jump to 4.5 I 0.5 Vdc and will
slowly decrease with time until it stablizes at 1.5 I 0.2 Vdc and
will remain at that level until either the power is removed from

the instrument or the IFC Command (#1104) is given again at which

time it will retwn to zero.

Subcom Word No. 15, called Status No. 2, monitors the +28V bus
power applied to the instrument. It was the word used to indicate
whether or not the instrument was powered. With the instrument in
its caged configuration this word will read 3.0 I 0.2 Vdc for approx-
imately 2 minutes and then drop to 2.k p 0.2 Vdc.for about 20 seconds
the cycle being repetitious. In flight, with the instrument powered
before being uncaged, the voltage would read 3.6 p 0.2 Vdc for approx-
imately 2 minutes and 3.0 p 0.2 Vdc for about 20 seconds. Again,
in flight, the instrument could have been powered, uncaged and the
shutter inoperative under which circumstances the vbltage would read
2.4 I 0.2 Vdc for 2 minutes and 1.1 p 0.2 Vdc for 20 seconds. The
expected normal flight operation was the instrument powered, uncaged
and with both shutter and chopper powered. The output of this word
would then read 3.3 * 0.2 Vace for ay 28 Vdc power bus and there should

be no observable "notch" in this voltage reading.

Subcom Word No. 57, called Status No. 3, was used to monitor the
various voltages generated by the instrument's power converter. These
converter voltages are mixed to give this output. For the instrument
powered and caged the output voltage for Word No. 57 will be 2.4 P 0.3 .
Vdc for approximately 2 minutes and 0.6 : 0.2 Vdc for about 20 seconds,
the cycle beihg repetitive. For an uncaged configuration wifh chopper

and shutter off the voltages are the same as the caged values. For

2-8
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the instrument uncaged with the chopper and shutter also powered, i.e.,
in the normal flight operating condition, the voltage output would

+ +
be 2.3 - 0.3 Vdc for about 2 minutes and 1.4 - 0.3 Vdec for 20 seconds

repeating.

2.4 Power Requirements
The power consumption of this instrument was not uniform due to

the periodic shutter operation and the commanded in-flight calibration
sequence. Figure 2-3 is a diagram of the current dfawn from the power
bus as a function of time for normal and in-flight calibration operation.
The magnitude of the current drain is dependent upon the bus voltage,
so the values shown in the figure are for a 28 Vdc power bus. The
time is plotted on a logarithmic scale to permit bbth detailed and
expanded views of the power profile. As shown in the figure the solid
lines describe the data mode, or normal mode, of operation. For 100
seconds the current drawn is 190 ma and for 20 seconds, while the
shutter is activated, the current drawn is about 500 ma. This pattern
is repeated until power is removed or the In—Flighf Calibration
sequence is initiated. During In-Flight Calibration Mode the instrument
draws>3h5 ma for 100 seconds and then 665 ma for 20 seconds. This
repeats for approximately 30 minutes at which time the power is slowly
reduced so that the current drain becomes 285 ma for 100 seconds and

A, 590 ma for 20 seconds. The power consumption remains at this level
until the instrument is taken out of the IFC Mode. The following

summarizes the power consumption at 28 Vdc bus voltage for easy

. reference.
Minimum Power 5.3 watts
Meximum Nomal Power 14.3 watts
Maximum IFC Power 18.6 watts
Maximum Average Power 11.04 watts
Normal Average Power 6.65 watts

2.5 Thermal Characteristics

'The following summarizes the temperature limits for this experiment.

Safe Operation : -10°C to + 50°C
Satisfactory Data -10°C to + 50°C'
Safe Storage (Non-Operating) -37°C to + 70°C
Minimum Turn-on without -37°C '

permanent damage
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Although it is indicated by the above that the Safe Operation and
Satisfactory Date regions are the same, it may be possible to turn
this instrument on at temperatures as low as -37°C without causing
any permenent damage. At very low temperatures what could happen
when power is applied to the instrument is that the power converter
might fail to begin to oscillate. Should this happen permanent damage
would result to the converter unless the instrument power is removed
rather quickly (in a few minutes). The indication that the converter
is not operating is that Subcom Word No. 57 reads 0.0 ' 0.2 Vdc

while Subcom Word No. 15 reads +3.3 I 0.4 Vac. In actual fact there
is no real lower limit to the storage temperature -for this instrument
although it must always be remembered that the instrument temperature

must be raised to at least -37°C before it is turned on.

Ordnance De s criptioﬁ

The ordnance device utilized in Experiment F-01, Ribbon Microphone
Density Gage, actuates, or extends, a captive piston which rotates a
locking arm to release the plunger holding the "floating" inner can
mechanism rigid against rubber stoppers. All parts'of the mechanism,
though spring-loaded, are captive and cannot be ejected from the
instrument. All of this takes place behind a cover over the instrument.
There is a relocking access hole through this cover, however, and if -
someone had their finger in this hole at the time a squib is fired,
they could be injured by the rapid motion of these various mechanical

parts.

The ordnance device was a Holex R 6299A Actuator and had the
following characteristics:

No-Fire Current
All Fire Current

1.0 amp max for 5 minutes

h . ‘
Bridgewire Rgsistance 1.
2
50

0]

> gmp
O - O-l Ohnl
megohms min.

O volts ac RMS max.

Pin-to-Case Resistance
Pin-to-Case No-Fire Voltage

The ordnance was not installed until the spacecraft was on the

paed at the Western Test Range. From the safety point of view the bridge

2-11
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was shorted out through relay contacts whenever the device was plugged
into the instrument, as can be seen from the schematic shown in
Figure 2-k. An additional shorting was provided through a Red Tag

plug cover so that the squib could not be accidentally prefired.

Flight Operation

As deséribed in a previous section the Riben‘Microphone Density
Gage (RMDG) was mounted in the OPEP ready for flight in a clamped
configuration so that the powered phase of the flight would not cause
any damage to the operationally "floating" sensor can. After the
spacecraft was in orbit and the OPEP was erected and activated,
power was applied to the RMDG. Power is applied by the application
of Power Command 200/220. At this time the squib was fired to release
the sensor caﬁ and allow it to achieve its equilibrium position under
the action of the eight opposing springs. The squib is fired by apply-
ing ordnance power and then impulse command No. 153 Relay Group G to
the instrument. This squib firing also closed two parallel interlock
switches which permited power to be applied to the shutter solenoid.

In this configuration the instrument was ready to collect data.

After the squib has been fifed the only spacecraft input required
to operate this instrument is the primary power supply. The ihstrument
power converter does respond to the 2461 Hz sync signal, but is not
dependent upon it. Successful date taking is dependent upon the OPEP
opereting properly; that is, so that its front face looks into the
velocity vector. The operation of the shutter, deséribed in the pre-
vibus sectibn, is controlled by a timing circuit contained within the
experiment package. The shutter was closed for approximately 20
seconds every two minutes providing a background signal level to be

compared to the signal being obtained from the atmospheric density.

Periodically, it was desired to obtain an in-flight calibration
of the sensing system. This was done by applying the In-Flight
Calibration Command (Impulse Command #llO, Relay Group A) to the experiment.

This command activated the heater and temperature‘éontrol circuitry

2-12
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described previously. It required approximately thirty minutes for
this to get up to temperature (a monitor for this was available on
one of the instrument subcom words), so it was necessary to operate
this in-flight calibration system for a complete orbit at a time.

It was not desirable to operate it for longer than one orbit so

care had to be taken to select a suitable orbit fbr the exercising of
this in-flight calibration system. Density data ‘was still obtained
while the in—flight calibration system operated because the molecular
stream qomiﬁg from the IFC can was only exposed to the ribbon sensor
when the shutter was activated (fbr about 20 seconds of each two
minutes). The In-Flight Calibration system was turnéd off by re-
application of the IFC Command, Impulse Command #110; Relay Group A..

‘The flight unit was integrated on the spacecraft and placed in
orbit on June 5, 1969. The instrument was turned on about 25 hours
later. At this time it appeared that the output signal was ruming
negative which indicated a rather severe outgassing problem in the OPEP.
However, since the instrument used phase-controliediac signals to obtain
its dec output, the observed output could have been a manifestation

of circuit phase-change or out-of-phase noise injeétion.

The in-flight calibration was included to help sort out these
types of problems. However, it was found to be very difficult to
initiate the IFC operation from the appropriate command signals. Sub-
sequent éxperience has shown that this difficulty lay more with the
command system itself than the experiment. By exercising this IFC it
was determined that the instrument itself was working and that the
calibration’ﬁas not appreciably different than was experienced in

laboratory checkout and calibration.

With the passage of several days some signals were observed near
vehicle perigee which were clearly from atmospheric density. The
fact that these signals gradually appeared verified that there was a

rather severe outgassing problem initially on 0GO-6. The nature of
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the observed signals have also suggested that the alignment of the
OFEP, the alignment of the instrument on the OPEP,.or the geometric
arrangement of the shutter-chopper-sensor system was not optimum. It
has not been possible to identify which one or ones of these may be
having an effect on the signal, but it does seem that the sensor

" (ribbon) is not seeing the full gas stream as it should for accurate

operation.

The instrument continued to operate in this,manner, showing
signifiéént atmospheric density signals on nearly every perigee
pass of the vehicle until about the second week in February, 1970.
At this time there appeared to be a phase reversal of some kind in
the circuitry which'generally put the steady baékgfound signal reading
several volts positive on range 3 of a four rangé éystem. Atmospheric
dens ity signals near and at perigee appear as decreasing positive
signals from this background level. It is still possible to read the
density signal from this configuration, but it confuses the initial
calibration of the instrument. Application of_thé'in-flight calibration
signal (which became easy to do since a different.command link was
being used) has made it possible to make sense from-these signals,
but this phase-change does make the data analysis soﬁewhat more
difficult to perform.

The instrument continued to operate in this reversed-phase mode

until the 0GO-6 vehicle was turned off.
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Chapter 3
DATA ANALYSIS

3.1 Data Calibration and Validity
In view of the problems noted in the previous chapter, a model

atmosphere [Anderson and Francis, 1966] was used to calibrate the
instrumenf readings near perige . The density measﬁrements were
selected from 20 orbits whose perigee latitudes weré near the equator
during two days with very low geomagnetic activity (Ap =2): 19 July
and 29 July 1969. First, the instrument readings were normalized to
a constant altitude, local time and solar activity. Second, ratios
of the model densities to the normalized readings were derived. These
ratios ranged from 5.3 to 7.6, averaging 6.4. Third, the instrument

readings were multiplied by 6.4 to derive the final density values.

‘Instrument readings from some orbits exhibited an oscillation
in the data pointé with a period less than 30 seconds. The extreme
sensitivity of the sensor and electronics required that the ribbon
microphone, transformer, and preamplifier be carefully shielded and
mechanically decoupled from the body of the instrumeht by suspending
them on & set of springs so that.in fhe gravity-free environment of
the orbit the ribbon will be centered properly on fhe entrance slit
of the instrument. Since the ribbon microphone is spring mounted, it
can vibrate so that on occasion its orientation could be changing at
a constant rate. In order to eliminate this oscillation, the maximum
data point occurring in any 30-second interval was selected (from
the nearly 210 data points taken in that interval) as the most repre-
sentative one. This maximum value is most likely to occur when the
ribbon;s orientation is such that it is most nearly centered on ‘the
entrance slit of the instrument. Cdnsequently, the final data points
derived following the above proéedure have an average time separation

.0of one-half minute and an avefage distance separation of 2 to 3 degrees
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in latitude.

To check the accuracy of the final density values derived above
against independent data, two other experiment flown on OGO-6 were
used for comparison. These were experiment F-Ob (Reber) Quadrupole
Neutral Particle Mass Spectrometer and Experiment F-14 (Blamont) 6300A
Airglow Emission, which measured neutral composition and temperature,
respectively. The mass spectrometer of Experiment F-O4 [Rever et al.,
1971] measured neutral specie number densities. | Data from orbit 1640
and 1641 for 27 September 1969 were made available [C. A. Reber,
private. communication, 1971]. The total mass density can be expressed
with little.errof as

p = n(0) m(0) + no(N,) m(N)) .  (3-1)
where n(0) and n(Né) are the measured number densities of atomic oxygen

and molecular nitrogen, respectively, and m(0O) and-m(Né) are the masses
of atomic oxygen and molecular nitrogen, respectively. The measure-
ments indicated about 87 percent 0, 12 percent N2, and one percent

Heh' The helium, therefore, was neglected in the calculations.

Figure 3-1 shows two curves of the mass density for orbit 1640
near the perigee altitude (398 km), where the solid curve connects
density points derived from the microphone density gage data and the
dashed curve connects points derived from the mass spectrometer data.
The difference between the two curves ranges from 24 to 39 percent,
with the microphone density gage curve averaging 31 percent lower.
Figure 3-2 exhibits the same two curves for orbit 1641. The difference
ranges from 16 to 26 percent, with the microphone density gage curve
~averaging 21 percent lower. Thus, the average differehce between the
two curves for both orbits is 26 percent. This amount of agreement is
good considering the degree of variability of the atmosphere at 400 km,
the uncertainties connected with the model atmosphere, the measurements
with the microphone density gage, and the mass spectrométer. Errors

in mass spectrometer measurements are estimated to be between 25 and
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50 percent [Nurre and DeVries, 1970].

‘Experiment F-1L4 contains a Fabry-Perot Interferometer [Blamont
and Luton, 1970] which gives the profile of the 63OOA oxygen line in
the dayglow at different altitudes between 200 km and 350 km. The
temperature of the neutral atmosphere can be deduced from the profile
of the 63OOA line. Blamont and Luton 1970 presenf maps of the
temperature -of the neutral atmosphere at an altitude of 260 km for 27
September 1969 and 28 September 1969 at approximately 1600 LT near the

equator. Blamont and Luton's temperature data can be used to derive
the exospheric.temperature. For the same solar activity and local
time, the atmosphere is isothermal above 340 km, ahd the exospheric
temperature is about 10 perceht higher than that at 260 km [Anderson
and Francis, 1966]. Therefore, Blamont and Luton's temperétuxes were
multipliéd.by 1.1 to derive the exospheric temperature. These temperatures
could then be compared with exospheric temperatures derived from the
microphone density gage data by means of Dalton's law.

T=mgh/ kKlnp_ - 1n p) (3-2)
where m is the mean molecular mass (2.90 X 10-23g), g = 865 cm-sec-g,
h is the altitude above 398 km, k is the Boltzmann constant, p, is the
density at perigee and p is the density at altitude h. Using Equation
3-2 to calculate T for 25 perigee passes (average latitude 24°N) where
h averaged 16 km, gave an average temperature of 1100°K. Blamont
and Luton's corresponding average temperature was 12150K. Hence, the
temperature derived from the microphone density gage data averaged
9.5 percent lower than Blamont and Luton's corrected temperatures.

; .
Blamont and Luton (1970) state an accuracy of - 5OOK for their temperature.

A check on the accuracy with which the microphone density gage
can measure relative density variations was made by determining the
difference in density between successive orbits on 27 and 29 September
1969. ILatitudinal density profiles at 406 km were derived for each
orbit by fitting smooth curves to normalized density gage values. The

density was selected from each profile at seven locations at five-degree
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intervals from O to 3OON. Then the difference in the density at the

same latitudes was’computed for adjacent orbits. The average density
difference for 27 September 1969 was 7.8 percent (pased on 1k orbits);

it was 9.7 percent (13 orbits) on 29 September 1969. The larger
difference on 29 September, a geomagnetically-disturbed day (Ap = T1),

is probably due to an increased density variation between successive
orbits because of heating changes associated with geomagnetic perturbations.
On this date the average density between O and 30°N was 38 percent

higher than 27 September, an undisturbed day (Ap = 6). Some of the

ma jor density differences between successive orbits (20 to 4O percent)
were due to peaks appearing in the latitudinal density profile, averaging
several degrees in width, which clAnged latitude from orbit to orbit.
Also some of the density differences are undoubtedly due to differences

in longitude [DeVries et al., 1966]. Inasmuch as the above factors

are real, it appears likely that the microphone density gage can measure

the relative density variation with an error less than five percent.

Analysis Approach

In analyzing the data obtained from the Microphone Density Gage
only two main com words entered directly into the computation for
density, the sibgnai and range outputs (refer to the previous chapter).
Each of these words was sampled once each main frame sampling. Thus
at the 64 k bit data rate each word was read about 55 times per second,
at the 16 k bit rate about 14 times per second, and at the 8 k bit
rate about 7 times per second. Virtually all of the data we amalyzed
was taken at the 8 k bit rate (tape recorder dumps).

The instrument was calibrated in the laboratory by operating it
in a vacuum chamber properly located a known distahce behind a hole
in a pressure chamber. The hole size, distance from source to instru-
ment, and source gas pressure range were all selected so that gas
molecules from the source could impinge upon the ribbon microphone
by the process of molecular effusion, or free molecular flow, thereby
permitting an accurate computation of the preesure'exﬁerienced by the

ribbon. = Thus, the computational procedure necessarily refers to the
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ges pressure in the source chamber. The relationship between the
pressure experienced by the ribbon and the gas preésure in the source
for the geometry used in this calibration is '

P .=T.1x 10"“Ps (3-3)
where Pr is the pressure on the ribbon in dynes/cm2 énd Ps is the
gas pressure in the source in microns. Within the constraint of
requiring that the: source pressure remain low enough to maintain a
condition of free molecular flow the relationship in (3-3) remains
linear. Thus Ps can be replaced by P, X S, where 128 is the calibration
factor in microns pressure per volt of output signal-and S is the out-

put signal in volts.

In flight operation the pressure exerted on_thé fibbon by the
neutral gas can be given by _
- P =xp.(V cos 8)® (3-4)
where p is the neutral gas density in gm/cm3, V is the relative
velocity between the spacecraft and the ambient gas in cm/sec,wg is
the angle between the normal of the ribbon surface and the vehicle
velocity vector, and k is a constant whose value depends upon the
accommodation coefficient of the gas atoms and molecules striking
the ribbon. For convenience, k is taken to be 1.0, which assumes
the gas strikes the surface and accomodates to the.riﬁbon temperature.
For the extreme opposite condition, specular reflection; k would only
be 1.3 so no serious error is made by taking k = l; Making this
assumption and putting (3-3) and (3-4) tcgether we obtain for a final
computational equation
¢ =T.1x 107 p, (V cosg) 2 (3-5)

In practice the velocity vector factor, V cosg , was obtained
by taking the vector dot product of the vehicle velqcity:vector and
the actual OPEP roll axis vector as given on the orbit-atitude mag
netic tapes. Since this was an automatic ranged instrument the cali~-
bration factor.ps was different for each range. These factors are

given below

Range P, (microns/volt)
1 0.1

2 0.7

3 3.5

L 18.0

3-7
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As was mentioned pfeviously the instrument experiencéd an anmomalous
negative-going zero shift in orbit. This had to be accounted for in
the value of S used in (3-5). Also, as pointed out in Section 3.1
comparison to atmospheric models indicated the need to correct the
measured density values by a factor of 6.4. Thus the."S" used in
(3-5) assumes .the following form. '

S = (Signal output - Signal Zero) x 6.4 (3-6)
The signal output is the actual voltage reading from'the telemetry
signal out and the Signal Zero is different for thelrange of the

instrument amplifier. These Signal Zero values are:

- Range : | Signal Zero (volts)
1. -5u6
2 "Ou2
3 0.0
B 0.0

- This, then, outlines the procedure that was followed in conver-
ting the raw data as received on magnetic tape to atmospheric
dens ity values. The_majority of the data processed has been from
the on-‘board tape recorder taken at the 8 k bit rate. For this data
each data pdint was processed to give a density value. To eliminate
what appeared to be random oscillations of the data,(presumably from
motion of the "floating" inner can) the maximum denéity value in a
30 sécond time interval was selected and plotted as being represen-
tative of the data in that interval. The finalldata analysis was

performed from plots of this kind of 30 second interval data.
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Chapter 4
RESULTS

4.1 Geomagnetically Aligned Neutral Density Peaks ‘

The period 12-15 July 1969 was selected for detailed analysis
because of an unusual pair of density maximums that occurred at nearly
fixed latitudes for seven successive orbits near the middle of this
period. Figure b-1 illustrates a typical latitude variation with
altitude near perigee for 0GO-6 during this period. This figure is
for orbit 555 on’ 1% July 1969. The perigee was near 40°N and the
local time was 1425 hours. The microphone gage density measurement
threshold is about 4 x 10717 g em 3. This density usually occurred

between 430 to 440 ¥m. For example, if the threshold density occurred
at 430 km, then (from Figure 4-1) the density gage gave meaningful
values over a latitude range from about 150 to 6501\1, or over a

latitude range of 500.

: Figure 4-2 shows density versus geomagnetic latitude for orbits
548 to 553 on 13 July 1969 (a magnetically-disturbed day, A = 14).
The solid curves are drawn between microphone gage density points
normalized to 406 km. The first three orbits (548-550) exhibit the
usual tendency for the density to increase from high to mid latitude.
The mid-latitude density maximums (peaks) change their position markedly
or appear and disappear from orbit to orbit. This is what is normally
observed over the indicated latitude range. However, orbits 551
and 552 have their highest densities occurring at the high latitudes.
An unusual pair.of density peaks are present on both orbits; the
first peak is at latitude 53°N, the second at 61°N. For orbit 551,
the firét maximum represents a density increase over several degrees
of latitude, with the peak increase being 35 percent. The second
maximum has a peak density increase of 39 percent. The second peak
is located at 61°N for three consecutive orbits (550-552). It is

h-1
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- Fig. 4-2 OGO-6 density versus geomagnetic latitude for orbits
548 to 553, 13 July 1969 ( a magnetically-disturbed
day Ap = 14), The solid curves are drawn to density

points derived from the Lockheed Microphone Gage
normalized to 406 km altitude., L-values are listed
at the top of the density peaks from 51°N to 61°N,
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located at either 60°N or 61°N for six consecutive orbits (550-555).
The high degree of reproducibility in location of this peak further
indicates that the microphone density gage is measuring relative

" density variations accurately. \

The first peak is'located on L-shells with values between 2.3
and 3.1 and at latitudes 510N to 53°N for orbits 550 td 553 (Figure 4-2).
For the same orbits, the second peak is located oﬁ L-shells with values
3.6 to 4.7 and at latitudes 60°N or 61°N. Stable auroral red (SAR)
arcs have been observed in L-shells 2.1 to 4.5 [Hoéh and Smith, 1971]

which lie approximately between geomagnetic latitudes 40 to 60°N.

This suggests that the heating causing these density peaks may result
fran the same mechanism that causes SAR arcs at the same L-values,
latitudes, and altitudes. Apparently, this is not the first time that
a comnection has been noted between neutral density and SAR arcs.

Newton et al. [1965] mention that a density variation appearing in

the Explorer 17 data on 1 June 1963 correlated with an increased
zenith intensity of the 6300A oxygen line.

- The characteristics of the SAR arc are summarized by Roach and
Roach [1963], Cole [1965], Roble [1969], Hoch and Clark [1970] and
Roble and Dickinson [1970]. The red arc has been observed to be per-

sistent, homogeneous, and stable with a lifetime of 10 hours or longer
with the predominant emission.being the OI(lD - 3p) atomic oxygen
transition line at 6300&. The arc generally occurs in mid-latitudes
well'south of the auroral zone during times of geomagnetic storms.

It extends several degrees in the meridional direction forming mag-
netically conjugate arcs aligned over constant L-shells. The arc
generally extends over a 300-T00 kﬁ height interval with peak emission
at an altitude of roughly hOO km. Satellite measurements of electron
temperature in the neér vicinity of a red arc show a considerable
enhancement of the electron temperature in the arc regidn compared to

the region outside the arc [Norton and Findlay, 1969].
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Hoch and Clark [1970] report the probable occurrence of an SAR
arc on 13-14 July 1969 (both geomagnetically-disturbed days). R.

W. Owen [private communication, 1971] reports that for a brief period
of time, around 0115 PST (0915 UT) on the night of 13-14 July 1969,
there was an arc, particularly in the lower elevations. It was quite
discernible from 15 to 30 degrees elevation. At other times and
elevations, due to weather conditions or the general weakness of the
arc, there wés little or no evidence of arcs. This observation was
made near Richland, Washington (geomagnetic latitude'53ON, longitude
299°E). The L éoordinate associated with the observational site (2.7
at an altitude of 40O km) is the same as that associated with the
density peak of 53°N, 314°E, on orbit 551 (Figure 4-2). Hence, the
altitude, latitude, and L number are the same. The longitudes differ
by only 150. However, the density peak of orbit 551 occurs about

15 hours eérlier than the SAR-arc observation of Oweﬁ. A strong peak
occurred on orbit 566, about 24 hours later than orbit 551, when 0GO-6
was at about the same longitude (295OE) as the SAR-arc observation,

at 5T°N latitude where L = 3.6 (Figure 4-3). No density peaks were
noted on orbits 558 to 562, whose perigee: longitudés ranged from

35°E to 1350E, several hours before and after the red arc was observed
on 14 July 1969. The peak that occurred closest in time with Owen's
arc observation was on orbit 563 at 1349 UT (or about'four and one-half
hours later) at 56°N, 10°E, where L = 3.0 (Figure 4-3).

Bome of the above results are summarized in Table 4-1. This
table lists the density peaks which appeared between 5OON and 610N
during 12-15 July 1969, a period that covers aboﬁt one and one-half
days before and after Owen's observation and includes some 50 orbits
of data. Listed with each density peak is the geomagnetic latitude,

L number, and associated density and temperature chgnge. Also, Kp,

the perigee universal time (UT) and longitude is listed for each orbit.
A density peak is listed for an orbit in Table 1 only if the peak shows
good continuity with regard to latitude or L number with peak (s)
.appearing in preceding or following orbits. The greatest difference

in latitude between a peak with that of the next peak in the nearest

orbit is four degrees. The average latitude difference is 1.3 degrees.

-5
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Fig. 4-3 0OGO- 6 densﬂ:y versus geomagnetic latitude for orbits
562 to 567, 14 July 1969 (a magnetically-disturbed
day, Ap = 13) The solid curves are drawn to density

points derived from the Lockheed M1cr0phone Gage
normalized to 406 km altitude. L-values are listed
at the top of the density peaks from 55°N to 57°N.
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The greatest difference in L-value is 0.6, and the average difference
is 0.3. The L-value connected with the lower latitude peak (first
peak) varies between 2.3 and 3.6 (average L is 3.0). The associated
geomagnetic latitude varies between SOON and 58ON (average is 54°N).
The L-value for the high latitude peak (second peak) varies from 3.6
to 4.7 (average L is 4.2). The associated latitude varies from 56°N
to 610N (average latitude is 60°N). The average invariant magnetic

lat itude for the low and high latitude peaks is 53 and 6OON, respectiv-
ely. The average density change represented by the 34 peaks was 27
peréent. The low~latitude peak appears on 21 orbits; the high-latitude
one 6n 13 orbits. In cases where multiple peaks occurred on the same
orbit, the low-latitudé peak exhibited an average”dénéity change of

20 percent, the high-altitude one 32 percént. Both appear on seven
successive orbits on 13-14 July (550 to 556), or almost halfway

around the world. Multiple peaks appear on ten orbits. The high-
latitude peak appeared alone only in three out of 13 orbits. Obviously,
in most cases the peaks are temporally connected. 'ng;g [1969] states
that in certain cases multiple arcs form along different invariant
maegnetic latitudes and in these cases the lower latitude arcs are more
stable. Roach and Roach [1963] present evidence of three and possibly
four parallel arcs on 12-13 November 1960. In Table 4-1, two density
peaké are listed for orbit 543, 13 July 1969. However, two others

were present: one at latitude 4W4ON with L = 2.2; another at latitude
4L8°N with L = 2.6. Three peaks occur on orbit 552 (Figure 4-2). The
peak at latitude 44°N has an L = 2.1. No density peeks appeared at
longitudes from 51 to 127°E during 13-15 July. Hence, the data in
Table 4-1 indicate that the peaks are not global in extent but favor
the 150 to 350°E longitude sector. The data in Table 4-1 indicate that
the low-latitude peak persisted around longitude 300°E, near the longi-

tude of Owen's SAR-arc observation, for at least two days, from 13-15

July 1969.
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Most of the peaks in Table 4-1 definitely appear with L-values
and latitudes associated with SAR arcs. Some of the high-latitude
peaks may be associated with aurora, especially those with L-values
greater than 4.0 and latitudes greater than GOON. Some density peaks
with L numbers greater than 4.7 and latitudes greater than 61° were
not listed in Table k-1 since they did not follow the somewhat strict
continuity conditions. Hoch and Clark [1970], reporting on SAR ércs
observed between September 1967 and mid may 1969, state that on every

occasion of an SAR arc there was also a polar auroral display to the.
north.

Geomagnetic‘control over the SAR arcs is indicated by the fact
that they are uswally observed during periods of increased ma.gnetic
activity and that their intensity normally increases with the magnetic
activity index KP [Roach and Roach, 1963]: KP is listed for each

»orbit in Table 4-1. The average Kp associated with the 34 density

peak is 2.46. The average for no peaks is 2.13 (56 pases). This does
not indicate a strong correlation between Kp and thé occurrence of

the density peaks. Figure U-4, a plot of Kp and peak occurrence versus
universal time, confirms that there is not a strong correlation between
them. The relationship between Kp and SAR-arc occurrence is not well
established. Roble et al. [1970] give an example of a red arc on 31
October 1968 that disappeared even though Kp continued to increase.

The SAR arc reported by Owen occurred near a Kp minimum at 0915 UT,

14 July 1969 (Figure L4-4).

b.1.1 Temperature Increase in Density Pesks
‘ Using a model atmosphere, one can estimate the amount of heating

(temperature change) connected with the density peaks. Figure 4-5
shows the density at 4LOO km associated with a given exospheric temperature
at local time 1400 [Anderson and Francis, 1966] where the solid
curve is drawn to the three points, S' = 50, st = 125, and st = 200,
where g' represents the solar activity (heating) in radioastronomy
uni‘l:s-(lo-e2 w‘m-2 hzfl) of 10.7-cm flux. The temperature change

~associated with a given density change can be estimated from Figure k4-5.
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DENSITY AT 400 KM (10™°6M cM3)
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Fig. 4-5 Density at 400 km versus exospheric temperature at
' local time 1400 from Anderson and Francis (1966)
model atmosphere, The solid curve is drawn to S!
data points, where S' represents the solar activity
in radioastronomy units (1022 w m=2 Hz" ) of
10, 7-cm flux,
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These température changes are listed in Table 4-1 for each peak. Inasmuch
as the temperature change estimates depend mainly oﬁ'relative density A
variations, they are fairly accurate. The temperature changes ranged
from 4°K (orbif 553, first peak) to 41°K (orbit 551, second peak and
orbit 569, firét peak). The average temperature change associated
with the'3h ﬁeaks was 25°K. The intensity of the SAR arc corresponding
to Kp = 2.45 (the average value associated with the density peaks)

is estimated to be 500 Rayleighs (R) [Roach and Roach, 1963],
indicating a weak SAR arc. The SAR-arc observation of Owen, discussed
previously, also indicated a weak arc. Roble [1969] theoretically
predicts a.tempefature increase of 3OOK for a 6OOR'arc, based on a
thermal conduction model of the arc. Hence, our‘aVerage temperature
increase of 250K associated with a 500R arc is in good agreement with
fheory based on themal conduction. Also, the small amplitude of
the'temperature increase within the SAR arc is consistent with Doppler
measurements for the 31 October/l November 1968 red arc with intensity
from 100R to 600R [Roble, Hays and Nagy, 1970]. The data showed no

' measureable neutral gas temperature increase within the red arc compared

to temperatures‘measured in regions outside the arc. The error limits

of the instrumént were estimated at % 75OK.

L.1.2 SAR Arc Mechanisms
Various mechanisms have been suggested for the SAR arc. These
mechanisms are the recombination hypothesis [King and Roach, 1961],"
the electric field hypothesis [Rees, 1961; Megill and Van Zandt, 1964;
Waiker and Rees, 1968], the soft electron flux hypdthesis [Dalgarno,
19641, and the thermal conduction hypothesis [Cole, 1965]. The
last three mechanisms have been considered by Chandra et al. [1970]

who conclude on the basis of observational data on electron temperature
and the flux of superthermal electrons that the thermal conduction

" hypothesis proposed by Cole is clearly the mechanism for heating the
ambient plasma during the SAR-arc condition. All four excitation mech-

anisms have been reviewed by Roble [1969] who concludes that the thermal

Lok
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hypothesis of Cole is consistent with the observational data and
offers a mechanism for the transfer of energy from the magnetosphere
to the ionosphere. Further support for the themmal conduction
hypothesis ie offered in this paper by the agreement of the estimates
of the magnitude of the neutral temperature changes associated with
the density peaks with those predicted by Roble [1969] for SAR arcs

‘from a thermal conduction model.

‘Cole [1965] assumes that the SAR arc is excited by the impact
of local thermal electrons in the F-region with atomic oxygen and
that the F-region electrons are kept sufficiently hot by thermal con-
duction from the magnetosphere in the electron-ion gas along geo-
magnetic field lines. Conduction in the electron-ion gas proceeds
downward to a "transition" level (380-550 km altitude) where transfer
of heat to neutrals absorbs the heat flux. Below this he ight, con-
dﬁction in the neutrals dominates. Cole urges that an atmospheric
bulge should exist in the vicinity of the SAR arc because of electron
heating of the neutral gas within the arc. Becauee the thermosphere
is in diffusive equilibrium, the neutral temperature increase with the
SAR arc will cause a thermal expansion of the atmosphere, resulting
in a density bulge. Roble [1969] demonstrates that thermal equilibrium
is rapidly approached in the SAR arc because the arc is persistent
and stable and the conduction time constant is short compared to the

lifetime of the arc.

The SAR-arc formation mechanism of Cole [1965] predicts that the
arc will be found at the point of decreasing ambient ion density in
the magnetosphere, the plasmapause. Thie is supported by Chappell,
Harris and‘Sharp_[l97l] who show that the SAR arcs are observed in the

rapid recovery phase of the storm in the 10-20 hours following injection
of ring current particles, and that the plasmasphere is drastically
reduced in size during the stomm, with the SAR arc located in L-value

near the position of the plasmapause.
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L.2 Variation of Atmospheric Density with Geomagnetic Activity

The material in this section is based on the density data measured
by this instrument at low latitudes on 110 orbits for the period 25
September through 3 October 1969. During this period the satellite
perigee was between 10° and 25°N latitude at 1540 to 1630 local time.
The 10.7 cm solar flux varied between 132.5 and 169.3 R.U. (Radio-
astronomy Units). This period was selected because several geomagnetic
storms occurred. Hence, there was a large variation in the magnetic
indices Kp ahd ap (ap varied from O to 207), Thiskprovided an oppor-
tunity to study the relationship between neutral density changes and
magnetic variations at low latitudes, as a function of latitude,

longitude, and time.

The U. S. Space Science Board of the National: Academy of

Sciences (1968) concludes that the response of the global circulation
to high latitude heating is one of the most prdvocative questions
facing us at present. Although it is known that the‘density of the
whole neutral upper atmosphere varies with geomagnetic activity, the
relationship between the density changes and the gedmagnetic activity,
as represented by ap or Kp’ has not been well established. Empirical
equations based on satellite-drag data are not very accurate. Transient
density fluctuations associated with geomagnetic activity are difficult
to study by the satellite-drag analysis method because the time and
spatial resolutions are so large. This task is also difficult because
the quantity td be determined, the acceleration of the satellite's
mean motion, is the second derivative of the mean anomaly. Another
limitation exists because the change in the orbital period is a measure
of the integrated effect of air drag in the neighbofhood of perigee.
Localized values of density cannot be provided, but only values averaged
over an arc of 30° or more. '

The quadrupole mass analyzer on 0GO-6 was used to study neutral
- composition variations during the period between 27 September and 1

" October 1969. These measurements by Taeusch et al (1971) provided

observations’ of composition variabil ity that showed g significantly

different behavior of the atmosphere during a magnetic

L-16
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storm than the behavior deduced from the lower-resolution total
mass density determined from satellite-drag measurements. The composition
data indicated that the major effect of a magnetic storm on the neutral

atmospheric components above 40O km altitude is localized in the high-

.lat itude regions of the earth at magnetic latitudes above 500, and

the response time of the atmosphere to such storms is less than one
hour. However, the analysis of the data from the Lockheed microphone
density gage indicates that the density changes significantly witi
magnetic activity even at low latitudes. For example, the average
density at 406 km and 1600 hr LT between 0° and 30°N latitude was
38 percent higher on 29 September 1969, a magnetically disturbed
day (A = 71) than on 27 September 1969, a quiet day’ (A = 6). The
10.°7 cm splar fiux was 151.3 R.U. on September 27 and 139 9 R.U. on
September 29, where ‘R. U. is a Redioastronomy Unit (10~ 22 m2 Hz-l).
Atmospheric Density Variation with Kp (or ap)

Figure 4-6 shows some typical latitudinal density profiles for
27-30 September 1969 at 406 km and 1600 Hr local time from about o°
to 40°N for K equal to 0, 4+, 6 and 8, respectively. These density
profiles are fltted to density points derived from the microphone density

measurements [Anderson and Sharp, 1972], made over an altitude range

near perigee averaging about 20 km. An stmospheric model [Anderson
and Francis, 1966] was used to normalize the data to an altitude of
406 km. The resulting data points in Figure 4-6 have an average time
separafidn of one-half minute and an average distance separation of
2 to 3 degrees. The 10.7 cm solar flux varied slightly during 27-30
September 1969, from 151.3 R. U. to 137.0 R.U. The curves of Figure

‘4.6 indicate that the 406 km density definitely increased at all

latitudes with increasing geomagnetic activity, represented by Kp.

' The average density from 10°N to 20°N is over twice as great for

Kp = 8 as Kp = 0. The curve for Kp = 8 (orbit 1684) indicates a

broad maximum with three peaks from 15ON to 35°N. Many curves from

h-17
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other orbits during 25 September - 3 October 1969 present a similar
broad maximum, with much lower densities near the equator and above
‘MOON, especially those curves associated with high K , indicating
gebmagnetic disturbed conditions. This low-latitudepdensity'bulge
ﬁhich seems te be a permanent feature near the equinoxes, was first
found by analyzing drag data from Explorer 1 in'1961 and 1962 {Anderson,
1966]. Newton and Pelz (1969) analyzing in-situ density measurements
from Explorer 32 density gages for May through October 1966 during
geomagneticélly quiet days, concluded that the low mid-latitude density
can be 20 percent greater than the equatorial deneity during the day
for altitudes between 300 and 400 km. Hedin and May (1971) fround

mexima in the N2 and O densities measured by the mass spectrometer

on 000-6 at + 20° magnetic latitude during July and September 196€9.

The low-latitude density bulge illustrated in Figure 4-6 may
prove important for understanding the semi-annual effect appearing in
satellite drag data. This effect is poorly understood at present.

It is well known that_there.is a greater frequency of geomagnetic
disturbances around the equinoxes. On the average; "magnetic" heating
is indicated to be stronger near the Fall equinox than near the Spring
. equinox, with a minimum of heating from June to August and December

. to January. These features are also characteristic of the semi-annual
effect. Based on this similarity, a recent explanation advanced for
the semi-annual effect proposes that it is.a complex effect resulting
from both latitudimal density variations caused by'solar heating and
"magnetic" heating, wifh the former dominating during summer and

 winter and the latter dominating during Spring and Fall [Anderson, 1969].

Figure L-T7 shows two curves for the period 27-30 September 1969,
where the solid curve is the density at 406 cm and 20°N geomagnetic
latitude and the dashed curve is for Kp. From ihspection, it is obvious

--that the higher densities are usually associated with high Kp.
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for Kp'
density and Kp is r = +.97.
(and the corresponding ap) are shown on the right.
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The correlation coefficient between
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The coefficient of correlation between density and Kp is r = +.97.
K 1is interchangeable with ap, as indicated on the right hand side of

Figuze L7,

h.2.2  Predictive Method

Inasmuch as Figure 4-7 indicated a good correlation between
density and Kp (or ap), a ﬁethod was devised to dérive predictive
equations. The method consists in making least-squares straight-line
fits to points on density-aP scatter diagrams, where the density p
at 400 km is delayed in 3-hr time intervals behind;ap from O to 24 hr.
Equations of the fitted straight lines were derived for all the delay
times for a given latitude or longitude sector. The corresponding
standard error was calculated for each equation. The delay time which
resulted in the best fit at a given latitude or longitude sector was
found by selecting the equation having the minimum standard error.
Hence, the best-fit equation was taken as that which resulted in a

minimum standard error.

The equation of the least-squares straight line fit for the P
a_ points is ’
D P

P = (a+ b ap) 107 gn em™3. - (4-1)

The constants a and b are determined from the following normal

vzp=na+b2ap (4-2)
z(p ap) = aZap + b Zapz) - (4-3)

. vhere n is the number of data points.

equations:

L-21
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(&
Solving (4-2) and 4-3),

) > (p ap) .\ zaPZpEapez- nZ(p ap)Zapz
Lo n¥a,Te, (T a)

a .
3

and,
nY(p ap)-f:épfjp
| nzapz-( 2 ap)2

The standard deviation of the n data pointe about the line

b =
(4-1), or the standard error is,

1/2
(p - p,)°
p n

Equations (4-1), (4-4), (4-5), and (4-6) were programmed for
computer calculation. For example, Figure 4-8 is a scatter diagram
containing 80 data points at 10°N geomagnetic latitude from 26
September through 3 October 1969. The ordinate is p at 400 km in
units of lO-lB'gm cm-3, and the abscissa is a'p or the value of a_ at
t = 3 hr, t being the time of the density values. The a'p valuesp
range from O to 207 (K_ = 8), while p ranges from about 4.0 to
14.5 x 10712 gn em™3. pThe equation of the least-équares solid line in
Figure 4-8 is

po = (546 + .0336 &' ) 1071 gu en™3.

The dashed straight lines in Figure 4-8 indicate the limits
of the standard error, which is
sp = 1.07 x 1071 gm cm'3,

or 16.0 percent of the average density. Some of the points contained

Ol | hope

(44)

(4-5)

(4-6)

(4-7)

(4-8)
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outside the dashed straight lines are associated with peaks and

troughs appearing in the latitudinal density profile (Figure 4-6).

The index ap comes entirely from converting Kp to a normalized
linear scalef The 3-hr planetary index Kp is obtaiped by averaging
values from 12 observatories located between 47.7 and 62.5 geomagnetic
latitude, averaging 56 degrees'geomagnetic latitudé. Thus ép (or Kp)
represents magnetic disturbances near 56 degrees geomagnetic latitude.
The fact that ap and Kp represent a mixture of disturbance effects .
associated with auroral electrojets, sthm-time variations, and other
magnetic variations of smaller amplitude such as sudden imgulses makes
- them useful for very general correlations. However, for more discriminating
studies it is desirable to have indices for each type of disturbance.
Since we are interested in low-latitude effects, it was decided to

investigate the Equatorial DS magnetic activity index [Hess, 1965;

t

Siguira and Cain, 1969). Equatorial Ds is a measure of the mean

t
departure from normal of the horizontal component, H, of the Earth's

magnetic field observed at a group of low-latitude stations, whereas

ab is based on 3-hr ranges of the field at stations in higher latitudes.

Accordingly, the Dst magnetic index was selected to find if
more accurate least-squares fits could be achieved on density versus Dst
scatter diagrams. Not only does the type of magnetic storm variation

represented by DS‘ occur at low and moderate latitudes, but the Dst

values themselvestare avilable every hour, instead of every 3 hours
like ap. This could be an advantage when studying the relationship
of magnetic storms with rapid changes in the density. However, Dst
can be positive or negative. The negative values, especially the

larger ones, are normally associated with ring-current particle injection

associated with magnetic storms.

The equation for the least-squares straight line fit for the p,
Dst points 1is 5 3
gn cm . (4-9)

where the constants a' and b' are determined from normal equations

-1
Po = (at + b'DSt) 10

L-24
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similar to (4-4) and (4-5) with D_, substituted for 8-

As an example, Figure 4-9 is a scatter diagram‘of density at 400
km versus DSt at t hr. corresponding to 89 density data points at
20°N (Figure 4-8). The D_, values range from -113 to 45. The

equation ofbthe least-squares straight line is

p, = (6.51 - - 0256D_, ) 107 gm em™3 (4-10)
The standard error is
5 = 1.69 x 1071 gm em™3 o (h-11)

or 23.6 percent of the average density.

Analytic Comparison )

Table 4-2 represents the constants a and b in Equation (4-1)
computed from (4-4) and (4-5) for ap from time t to t - 24 hr in
3-hr increments and geo-magnetic latitudes OON,"looN, 209N, 3OON,
and 40°N and all latitudes (0°N to 40°N). Table 4-3 exhibits the
corresponding standdard error Sp’ expressed in percent of the average
density of the n data points, calculated from (4-6) and (4-1). 1In
addition, Sp is given for ap‘< 15 and ap > 15, representing quiet and
disturbed geomagnetic conditions, respectively. The minimum standard
error in each column is marked with an asterisk. This value can
be used to determine the time delay between p and-ab that gives the
best correlation in a given column. For example, under the 10°N
column the minimum S occurs for ap at t - 3 hr. The corresponding
a and b selected from Table 4-2 results in Equation (4-7) (see Figure
4-8). Displayed at the bottom of each column in Table 4-3 is the
average S , the ratio of the average S to the minimum S , the nﬁmber
of data points n, and the relative density (density for "all latitudes"
= 1.00)._ The minimum S occurs at OON, IOON, and 20°N for ap at t - 3

hr and at 30°N and 40°N for aP at t-9 hr. However, no significance is

-attached to the minimum velues at 3OON and 40°N because the average/

minimum Sp ratios are low. It doesn't matter greatly which time delay

4-25
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is selected for ap for these latitudes. As indicated at the bottom
of Table h-3; the relative density is slighly below normal for the
lower latitudes and for "all latitudes" with aP < 195, while it is
~ slightly above normal for the higher latitudes and for "all latitudes"
with a_ > 15.

D p)

Table k-l gives the constants a and b for 60-degree longitude
sectors and for all longitudes (same as the "all latitude" column "
in Table 4-2). Table 4-5 presents the corresponding S . The average/
minimum Sp'ratio for 180°E - 240°E is 1. 81.' The minimﬁm Sp occurs for
ap at t-3 hr. Hence, it is very advantageous to use’ ap at t-3 hr and
a and b in Table 4- L at t- -3 hr in Equation (4-1) for this sector. On
the other hand, it doesn't matter very much which time delay is used
for ap in the 60°E - 120°E sector since the average/minimum Sp is only
1.11. As indicated at the bottom of Table 4-5, the relative density
variation with longitude is slight between 0°N and LO°N geomagnetic
latitude.

~ Table L-6 gives the constants a'and b%(Equation 4-9) computed
for D st for times t to t-13 hr in 1l-hr increments and geomagnetic
latitudes 0°N, 10°N, 20°N, 30°N, 40°N and "all latitudes" (0°N-40°N).
Table 4-7 presents the corresponding standard error S « The minimum
standard error (marked with an asterlsk) occurs for D at time t, the
same times as the density values, for each latltude except lO N,
vhere it occurs with a time delay of 2 hours. Yet, the average/minimum
S ratios at the bottom of Table L-T7 are low, so not much confidence

can be placed in any particulaf time delay.

Table 4-8 shows the constants a* and b' for 60-degree longitude
sectors and "all longitudes". The constant b’ is positive in the 60°E
to 120°E sector from t hr to t-5 hr and in the 180°E to 2L0°E sector
" from t-8 hr to t-10 hr. This indicates that there is no correlation

between density and Dst during these delay times at these longitudes.
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Table 4-9 presents the Sp corresponding to Table 4-8. The correlation

between density and D is good only at certain lbngitudes and delay

times, as indicated b;tlarge values of the average/minimum S ratios
at the bottom of the table in the 120°E to 180°E and 180°E £6 240CE
sectors with time delays of 4 hr and O hr, respectively. The standard
error is low at 16.5 percent for Dst from t to t-12 hr in the 60°E

“to 12OOE sector. For some reason, there is little or no correlation
between density and Dst in this sector. The same is true for density

and a, (Table 4-5). Since changes in D_,_ do not result in appreciable

st
changes in density, the scatter of points in the scatter diagram is
less, resulting in low standard error. The relative density values
at the bottom of Table 4-9 indicate that there is not much variation

of density with longitude as pointed out before.

4.2.4 Discussion
Table 4-10 gives a comparison between the standard error resulting

using a (Table 4-3) and D (Table 4-7) for geomagnetic latitude
and delay times of 0, 3, 6 9, and 12 hr. In all cases, the standard
error is lower using ap than Dst’ averaging 19.3 percent lower. Also,
the average/minimum S ratios are appreciably higher for ap than Dst
at 0 N, 10 N and 20 °N. For these latitudes, the minimum standard
error for ap occurs at t-3 hr, where it averages 37 8 percent lower
than that for Dst at the same time delay. Therefore, it appears that
the density can be predicted best at low latitudes using ap at

t-3 hr, at least during the period under consideration.

Table 4-11 shows a comparison between standard errors resulting
from using a, (Table 4-5) and D, (Table 4-9) for 60-degree longitude
sectors and all longitudes (0° - 36OOE) for delay times O, 3, 6, 9,
and 12 hr. In all longitude sectors the average standard error is‘
lovwer using ap than Dst’ averaging 21.2 percent lower. Based on the
average/minimum Sp ratio only, a_ is clearly superior to Dst for
predictive purposes in the 0° to 60°E and 300O to 36OOE sector with

time delays of 3 and 6 hr, repectively. Dst appéars better at 1200 -
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180°E at t-3 hr. The high value of both average/minimum Sp ratios
in the 180° - 240°E sector indicates that the density is well
correlated in this sector indicates that the density is well correlated

inbthis sector with both ap and D  , with time delays of 3 and O hr,

respectively. The low values of Ezth ratios in the 60° to 120°E

and 240° to 300 E sectors indicates that density 1s poorly correlated
with both ap and D ot” In these sectors it seems. preferable to use

ap since it results in a lower standard error.

In Table 4-3 the minimum standard error occurs for a_at t-3
hr at 0°N, 10°N, and 20°N. No significance is attached tg the fact
that the minimum Sp occurs at t-9 hr at 30° and 400N because the
average/minimum Sp ratios are low for these latitudes. The density
at 0° - QOON-may.correlate best with the ap valué 3 hr eaflier because
there is a time delay of about 3 hr between the peak geomagnetic
activity in the auroral zone and the atmospheric-resﬁonse at low
1atitudes{ If the main atmospheric heating is caused by some mechanism
or energy source in the’aurofal regions, then wave propogation
transport the energy from the auroral region to the eqﬁatorial region
within a time interval of about 3 hr. Jacchia and Slowey (1967), from
satellite-drag analysis, give 'a mean time delay of 7.2 + 0.3 hr fof
an average latitude of 25 degrees. However, the inaccuracies associated
wifh satellite-drag measurements have been discussed already (also, see

Taeusch et al., 1971).

DeVries (1971), rep‘orting on neutrél density data obtained from
the Low-G Calibration System (LOGACS) flown on a polar orbiting
satellite durlng a period of hlgh geomagnetic activity (May 22-26, 1967),
states that the in-situ high resolution data show that the density
increases almost simultaneously with enhanced geomagnetic activity.
The largest density increases occurred invthe‘region of the maximum
current of thevauroral électrojet with no significant increases in the.

equatoriallregion until several hours later. Atmospheric waves, apparently
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associated'with Joule heating, appear to originate in the auroral
region at altitudes lower than 150 km and propagate upward toward

the Equator. Blamont and Luton (1970) analyzed thérmosPheric measure-

ments from data obtained by a Fabry-Perot interferometer on 0G0-6 in
the period 26 September - 6 October 1969, during which two large
geomagnetic disturbances occurred. These tempefature measurements
showed a 3OOOK increase in the two polar regions while the temperature

near the Equator increased by only 9OOK.

Volland and Mayr (1971) calculated the response of thermospheric

density during geomagnetic disturbance, aséuming that an impulse type
of heaﬁ input is injected into a small band of latitude within the
auroral oval during local nighttime. They calculated the temporal
respbnse of the thermospheric density to the heat input. This theory
indicates a dependence of the atmospheric density changes on latitude
and longitude. The general trend of the density variations is in
agreement‘with the trend observed in the LOGACS observations (DeVries,
1971). The data in Table L4-5 indicate that there is a good correlation
between density and & at t-3 br at 180° to 240°E and little or no
correlation at 60° to 120°E and 240° to 300°E. Table 4-9 indicates
oorrelation between density.andlDs between 180° to 240°E with no

t
time delay and little or no correlation between 60° to l2OOE.

May and Miller (1971) have shown from a rather limited sample

of satellite spin-rate data that the variations in density at 310 km

in low latitﬁdes are more closely indicated by Equatorial Dst’ with a
2-hr lag of density behind Dst’ than by ap with the T-hr lag suggested
by Jacchia and Slowey (1967). The improvement of the relationship with

Dst as compared with ap is most marked in the recovery phase following
the peaks of magnetic storms. At these times the density recovers
more slowly thgn ap, in common with Dst' May and Miller state that

it is not possible with their data to test whether or not the improvement

was caused by the density being measured in low latitudes, where the

L-Lo
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magnetic observations from which Equatorial DSt is evaluated are

made. The minimum Sp values in Table 4-7 indicate no lag in time
between density and Dst’ except at lOON, where it is 2 hr. According
to DeVries (1971), the density increases simultaneously with ap in
auroral latitudes, near whgre ap is measured. If this is true, it
appears reasonable to expect that likewise no lag should occur between
at low latitudes, where DS

the density and DS is measured, provided

that the geomagnet;c disturbance causes worldwtide heating simultaneously.
The 3-hr lag between the density at low latitudes and 8, (Table 4-3)
could result from the fact that most of the energy is initially
deposited in suroral latitudes and later transported southwards by -

wave or bulk mass motion.
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Chapter 5
CONCLUSIONS

5.1 Conclusions
| Although fhe Microphone Density Gage did not operate in flight
quite as it was expected to do (that is, significant loss in sensi-
tivity was experienced), some reasonably useful scientific information -

has resulted from the analysis of the date that was obtained.

If it is true that the density peaks and SAR“arcs result from

the same heating mechanism as discussed in Chaptef 4, then the micro-
phohe density gage is a new, powerful instrument for detecting and
megsuring the extent, intensity and other characteristics of SAR arcs.
Although absolute accuracy of the microphone density gage is uncertain,
the present analysis indicates that the density gage measures relative
density variatione accurately. The density peak characteristics are
largely independent of the absolute accuracy of the micfophone gage
and are influenced primarily by the relative precision of the gage
measurements, which is believed to be better than 95 percent. Rather
precise changes in SAR arcs can be derived from measurements of the
microphone density gage. The temperature changes in SAR arcs derived
from measurements with Fabry-Perot interferometers are limited in
precision to + 75°K for ground-based instrument (Roble, 1969) and

"+ 50°%K for instruments on satellites (Blamont and Luton, 1970). In

additibn, the density gage offers a marked advantage over both types
of interferometers in that it can make measurements of SAR arcs during

the daytime. It is not limited by daylight, moonlight, or clouds. -

Analysis of the Microphone Density Gage data shows that marked
density increases occur at low latitudes during geomagnetic storms.
The average density from 10°N to 20°N is over twice as great for Kp =

8 as KP = 0. The best ieast-squazee fit and corresponding delay time
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between density and a magnetic index can be determined for a given
latitude or longitude sector from fhe minimun standard error. The
average/minimum standard error ratio indicates whefher or not there

is a good correlation between the density and the magnetic index

having the time delay-associated with the minimum stendard error.

Large average/minimum standard error ratios occur ét OON, lOON,>and

3OON geomagnetic latitude where the minimum standard error occurs

for & at t-3 hr. The average/minimum ratio is very large in the
longitude sector 180o to EHOOE, where the minimum standard error occurs -

at a time delay of 3 hr between density and ap.

'With regard to density and D_,, the best correlation at low
latitudes results with no time delay, except at 10°N, where it is
2 hr. Like a_, the best correlation with longitude occurs at 180o
to 240°E. In?most cases, the correlation of density with Dst is not
as good as that with ap, as indicated by the magnitudes of the
- standard errors and average/minimum ratios. It appears_that‘the_density.
can be predicted best at low latitudes using ap at t-3 hr. :If the
minimum vealues of the stendard error reflect the time delay between
the onset of a stom (as indicated by 8, and Dst)’ then inasmuch as
there is little or no lag between density and DSt and about a 3
hr lag between density and ap, this indicates that a geomagnetic
disturbance causes worldwide heating simultaneously, with most of
the heating ensuing in the auroral zones, some of which is later

transported to low latitudes.
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Chapter 6

- NEW TECHNOLOGY

6.1 New Technology _
The fundamental principles and procedures utilized in the
Ribbon Microphone Density Gage were developed prior to the awarding
of this contract. Therefore, no New Technology wés.developed under
this contract effort.



